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Abstract—Due to the chemical stability and perfection of 
Carbon Nanotubes (CNTs) structure, carrier mobility is not 
affected by processing and roughness scattering as it is in the 
conventional semiconductor channel. Therefore, CNTs are 
being considered as viable candidates for high-speed 
applications. The mobility and saturation velocity are the two 
important parameters that control the charge transport in a 
conducting MOSFET channel. It is shown that the high 
mobility does not always lead to higher carrier velocity.  
Owing to the high electric-field streaming, the ultimate drift 
velocity in semiconducting CNTs are based on the 
asymmetrical distribution function that converts randomness 
in zero-field to streamlined one in a very high electric field. 
The limitation drift velocity is found to be appropriate 
thermal velocity for non- degenerate regime, increasing with 
the temperature, but independent of carrier concentration. 
In this condition, velocity rises with increasing the diameter. 
However, the limitation drift velocity is the Fermi velocity for 
degenerate regime which increasing with carrier 
concentration but independent of the temperature. 
Moreover, in degenerate regime, degeneracy occurs at lower 
values of the carrier concentration with increasing the CNTs 
diameter. 
 
Index Terms—Carbon nanotube, carrier statistic, 
Quantum limit, one dimensional device. 
I. INTRODUCTION 
HE GROWING interest for the design of smaller devices, 
higher operating power and minimum power 
consumption of integrated circuits leads to a pressing, need 
to downscale semiconductor components [1]. The research 
for approaching to high-speed devices for future electronic 
is continuing. The speed is calculated by how the carrier 
(electron or holes) can propagate through the length of the 
device. The low scattering probability is responsible for 
high on-current in semiconducting Carbon nanotubes 
(CNTs) [2]. In nanoscale devices it became clear that the 
saturation velocity plays an important role. The higher 
mobility brings an electron closer to saturation as a high 
electric field is encountered, but saturation velocity 
remains the same [3]. The reduction in conducting channel 
length of the device brings about reducing transit-time-
delay and hence enhancing the operational frequency. 
There isn’t any agreement on the interdependence of 
saturation velocity on low-field mobility that is scattering- 
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Fig .1.  scheme of two-dimensional quantum limits. 
 
limited [4]. On the other hand, in any solid state device, it 
is very clear that the band structure parameters, doping 
profiles (degenerate or nondegenerate) and ambient 
temperatures play a variety of roles in limiting 
optoelectronic properties. It is not supported by 
experimental observations that higher mobility leads to 
higher saturation [5]. Therefore, this research focused on 
the controlling of the ultimate saturation velocity. In the 
following, the fundamental processes that limit drift 
velocity are delineated. 
II. THEORY 
In one-dimensional semiconductor, only one Cartesian 
direction is much larger than the De - Broglie  
wavelength Fig. 1. 
According to Fig. 1 in quasi one-dimensional (Q1D) 
devices energy spectrum is continues-type in x direction 
and discrete-type in y and z directions with the eigen-
function ( )k r?
r
 given by 
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This wave function describes the propagating waves in 
one direction. Here k is the wave-vector component with 
momentum p k?
rr h , 
 , ,x y z
L
 
is the length in Cartesian 
directions. Single wall CNTs as a one- dimensional device 
is a one-atom thick sheet of graphite (called graphene) 
rolled up into a cylinder with nanometer diameter, as 
shown in Fig. 2. 
The property of CNTs depends on the roll up direction 
with chiral vector 1 2 ( , )C na ma n m? ? ?
r r r . Here 1a
r
 and 2a
r
 
are the basic vectors of the lattice.  
If     3n m multiple of? ?  they are metallic, otherwise 
they are semiconductor. 
In semiconducting CNTs very near the minimum 
energy, band structure is parabolic [6]. Therefore 
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Fig. 2.  A Prototype single wall CNT with diameter less than De-Broglie 
wavelength. 
 
These  equations  show  the  E (k) and the band gap (EG) 
which are function of the CNTs diameter, and we can 
expand equation E (k) as follow 
2 2
*2 2
G xE kE
m
? ? h  (4) 
Here *m
 
is effective mass. For semiconducting (9, 2) 
Carbon nanotube, 0* 0.189 m m?  [7] which we used in our 
equations for plotting all graphs. 
* 2
0
4 0.08
9 ( )c c
m
m a dt d nm?
? ?h  (5) 
where 1.42C Ca ? ? o A is Carbon-Carbon (C-C) bond 
length, 2.7t ?  eV is the nearest neighbor C-C tight 
binding overlap energy and d  is  diameter  of  the  CNT   
[8], [9]. The distribution function of the energy kE  is 
given by the Fermi-Dirac distribution function 
1
1( )
1
k F
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k E E
k T
f E
e
??
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 (6) 
where 1FE  is the one-dimensional Fermi energy at which 
the probability of occupation is half and T  is the  
ambient temperature. 
In non- degenerately doped semiconductors the ‘1’ in 
the denominator of (6) is negligible compared to the 
exponential factor, the distribution is then Maxwellian 
1
( )
k F
B
E E
k T
kf E e
??
?  (7) 
This simplified distribution function is extensively used 
in determining the transport parameters. This 
simplification is true for nondegenerately-doped 
semiconductors. However, nowadays most nanoelectronic 
devices are degenerately doped. Hence any design based on 
the Maxwellian distribution is not strictly correct and often 
leads to errors in our interpretation of the experimental 
results [8]. In the other extreme, for strongly degenerate 
carriers, the probability of occupation is 1, where k FE E?  
and it is zero if k FE E? . 
Arora [3] modified the equilibrium distribution function 
of (6) by replacing EF1 (the chemical potential) with the 
electrochemical potential .1E qF ??
rr l . Here ?r  is the 
applied electric field, q  is the electronic charge and 
r
l  the 
mean free path during which carriers are collision free or 
ballistic. Arora’s distribution function is thus given by 
1 .
1( )
1
k F
B
k E E q
k T
f E
e
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?
rr
l
 (8) 
This distribution has simpler interpretation as given in the 
tilted band diagram of Fig. 3. 
 
 
Fig. 3.  Partial streamlined of electron motion on a tilted band diagram in an 
electric-field [10]. 
 
The carriers at a point x arrive from left or right a 
mean-free-path l  away from either side of x. In the tilted 
band diagram a channel of CNT can be thought as a series 
of ballistic resistors, each with a length of l , where the 
end of each free path can be considered as virtual contacts 
with different quasi Fermi levels separated in energy by 
q?
r
l . It can be seen that the Fermi level on the left is 
1F
E q?? l  and on the right is 1FE q?? l . These are the 
two quasi Fermi levels with EF1 at the point x. The current 
flow is due to the gradient of Fermi energy 
1
( )
F
E x  when 
an electric field  
is applied. 
Because of this asymmetry in the distribution of 
electrons, the electrons tend to drift opposite to the electric 
field ?r  applied in the negative x-direction (right to left). 
In an extremely large electric field, virtually all the 
electrons travel in the positive x-direction (opposite to the 
electric field). This explains conversion of completely 
random motion into a streamlined one with ultimate 
velocity per electron equal to iv . Consequently, the 
ultimate velocity is ballistic independent of scattering 
interactions. The ballistic motion in a mean-free path is 
interrupted by the onset of a quantum emission of energy 
0?h . This quantum may be an optical phonon or a photon 
or any discrete energy difference between the quantized 
energy levels with or without external stimulating effect. 
The mean-free path with the emission of a quantum of 
energy is related to 0l  (zero-field mean free path) by the 
following expressions [11] 
0 0
0 0[1 ] [1 ]
Q QE
qe e?
? ?
? ? ? ?
l
l ll l l  (9) 
0 0( 1)Q Qq E N? ?? ? ?l h  (10) 
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N
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Here 0( 1)N ?  gives the probability of a quantum emission. 
ON  is the Bose-Einstein distribution function determining 
the probability of quantum emission. The degraded mean 
free  path  ( l ) is now smaller than the low-field mean free 
path  ( ol ). In the Ohmic low-field regime o?l l  and in high electric field Q?l l . The value of inelastic scattering 
length when a quantum is emitted is given by [12]. 
Q
Q
E
q??l  (12) 
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Fig. 4.  Ultimate velocity and nondegenerate approximation versus 
temperature for (9, 2) carbon nanotube, for various concentration values. 
 
Obviously Q ? ?l  in zero –electric field and will not 
modify the traditional scattering described by mean free 
path 0l  as 0Q ??l l . Therefore, the low-field mobility 
andassociated drift motion are scattering-limited. So, the 
effect of all possible scattering interactions is buried in the 
mean free path 0l . However, the presence of high electric 
field makes 0Q ??l l . In that extreme 
Q
Q
E
q?? ?l l  (13) 
This may be enough to explain the degradation of mobility 
( ? ) in a high electric field. Mobility is defined as 
1 1* * *
Qc
i i
qq q
m m v m v
?? ? ? ? ll  (14) 
Here c?  is the mean free time in which the electron 
motion is ballistic. 1iv  is the mean intrinsic velocity [13] 
for semiconductors. 1iv  is the average of 
*2 /kv E m?  with the Fermi-Dirac distribution of (6) multiplied by the 
density of quantum states as given by [14] 
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Here, ( )jF ?  is the Fermi-Dirac integral of order j  and ( 1)j? ?  is a Gamma function. Its value for an integer j  
is  ( 1) ( ) !j j j j? ? ? ? ? . For half integer values, it is 
? ? ? ?3/ 2 (1/ 2) 1/ 2 (1/ 2) ?? ? ? ? . D  is the 
dimensionality that is 1D ?  for quasi-one-dimensional 
semiconductor CNTs. The Fermi integral with Maxwellian 
approximation is always an exponential for all values of j  
and is given by [15] 
( )jF e
?? ?
   
(Nondegenerate) (18) 
In the strongly degenerate regime, the Fermi integral 
transforms to 
1 11( )
( 1) 1 ( 2)
j j
jF j j j
? ??
? ?
? ?
? ? ? ? ?   
(Degenerate) (19) 
 
 
Fig. 5.  Velocity versus carrier concentration for 4.2T ?  K (liquid helium), 
77T ?  K (liquid nitrogen) and 300T ?  K (room temperature). The 4.2 K 
curve is closer to the degenerate limit. 
 
For quasi-one-dimensional CNTs, the ultimate average 
velocity per electron is 1iv  which a function of temperature 
and doping concentration is as 
? ?1 0 1
1
2 CB
i F
Nk Tv F
nm
?? ?? ?  (20) 
with 
1
2
1 2
2 * B
c
m k TN ?
? ?? ? ?? ?h
 (21) 
where 1CN  is the effective density of states for the 
conduction band, with *m  s the density-of-states effective 
mass. 1n  is the carrier concentration per unit length.  
Fig. 4 indicates the ultimate velocity and nondegenerate 
approximation as function of temperature. The velocity for 
low carrier concentration follows 1/ 2T  behavior, which is 
independent of carrier concentration. However, for high 
concentration the velocity depends strongly on 
concentration and becomes independent to the 
temperature. The ultimate saturation velocity is thus the 
thermal velocity appropriate for 1D carrier motion as 
follow 
1 1
21 B
i ND th th
k Tv v v
m?? ?
? ? ? (Nondegenrate) (22) 
Fig. 5 shows the graph of ultimate intrinsic velocity as a 
function of carrier concentration for three temperatures 
(  4.2T ?  K, 77 K, and 300 K). As expected, at low 
temperatures, carriers follow the degenerate statistics and 
hence their velocity is limited by appropriate average of 
the Fermi velocity that is a function of carrier 
concentration.  When degenerate expression for the Fermi 
energy as a function of carrier concentration is utilized, the 
ultimate saturation velocity is given by 
1 1( )4i D
v n
m
???
h  (Degenerate) (23) 
The ultimate velocity in quasi-one-dimensional CNTs 
may become lower when quantum emission is considered. 
The inclusion of the quantum or optical phonon or any 
other similar emission will change the temperature 
dependence of the saturation velocity. 
Fig. 6 shows by increasing the diameter of the CNTs in 
semiconductor CNTs, degeneracy occurs at lower values  
of carrier concentration in degenerate regime at the  
same temperature. 
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Fig. 6.  Velocity versus carrier concentration in T=300 K for different 
diameters in degenerate regime. 
 
According to the Fig. 7 the velocity depends on the 
temperature and diameter in nondegenerate regime. 
Furthermore, it is independent of carrier concentration. 
Any increase in the diameter of CNTs results a 
higher velocity. 
III. CONCLUSION 
Using the distribution function, the asymmetrical 
distribution of drifting electrons in an electric field is 
presented.  This distribution function transforms the 
random motion of electrons into a streamlined one. It gives 
the ultimate saturation velocity that is a function of 
temperature in nondegenerate regime and a function of 
carrier concentration in the degenerate regime.  The 
ultimate drift velocity is found to be appropriate thermal 
velocity for a given dimensionality for nondegenerately 
doped samples. However, the ultimate drift velocity is the 
appropriate average of the Fermi velocity for quasi-one-
dimensional degenerately doped CNTs and any samples.  
On the other hand, by increasing the diameter of CNTs 
ultimate drift velocity of carrier increases in non-
degenerate regime, and degeneracy occurs at lower values 
of carrier concentration in the degenerate regime. 
ACKNOWLEDGEMENT 
The authors would like to thank the Ministry of Science, 
Technology and Industry (MOSTI) for research grant. 
REFERENCES 
[1] M. Pourfath, H. Kosina, and S. Selberherr, "Numerical study of 
quantum transport in carbon nanotube transistors," Mathematics and 
Computers in Simulation, vol. 79, no. 4, pp. 1051-1059, Dec. 2008. 
[2] R. Martel, T. Schmidt, H. R. Shea, T. Hertel, and Ph. Avouris, "Single 
and multi-wall carbon nanotube field-effect transistors," Appl. Phys. 
Lett., vol. 73, no. 17, pp. 2447-2449, 26 October 1998. 
[3] V. K. Arora, "High-field distribution and mobility in semiconductors," 
Japanese Journal of Applied Physics, vol. 24, no. 5, p. 537-545, 
May 1985  
[4] M. S. Lundestorm and J. Guo, Nanoscale Transistors: Device 
Physics, Modeling and Simulation, Springer, New York, 2006. 
[5] M. Lundstrom, "Elementary scattering theory of the Si MOSFET," 
IEEE Electron. Device Lett., vol. 18, no. 7, pp. 361-363, Jul. 1997. 
[6] J. Guo and M. S. Lundstrom, "A computational study of thin-body, 
double-gate, Schottky barrier MOSFETs," IEEE Trans. on Electron 
Devices, vol. 49, no. 11, pp. 1897-1902, Nov. 2002. 
[7] J. M. Marulanda and A. Srivastava, "Carrier density and effective mass 
calculations for carbon nanotubes," in Proc. IEEE Int. Conf. 
Integrated Circuit Design and Technology, pp. 234-237, 2007. 
[8] J. W. G. Wild¨Oer, L. C. Venema, A. G. Rinzler, R. E. Smalley, and C. 
Dekker, "Electronic structure of atomically resolved carbon nanotubes, 
" Nature (London), vol. 391, no. 6662, pp. 5962, 1998. 
 
Fig. 7.  Velocity versus temperature for CNTs, for various diameter values in 
nondegenerate regime. 
 
[9] R.  A.  Jishi,  D.  Inomata,  K.  Nakao,  M.  S.  Dresselhaus,  and  
G. Dresselhaus, "Electronic and lattice properties of carbon nanotubes," 
J. Phys. Soc. Jap., vol. 63, no. 6, pp. 2252–2260, 1994. 
[10] V. K. Arora, "Quantum engineering of nanoelectronic devices: the role 
of quantum emission in limiting drift velocity and diffusion 
coefficient," Microelectronic Journal, vol. 31, no. 11-12, pp. 853-859, 
Dec. 2000. 
[11] V. K. Arora, "Drift diffusion and Einstein relation for electrons in 
silicon subjected to a high electric field," Applied Physics Letters, vol. 
80, no. 20, pp. 3763-3765, May 2002. 
[12] V.  K.  Arora  and  M.  L.  P.  Tan,  I.  Saad,  and  R.  Ismail,  "Ballistic  
quantum transport in a nanoscale metal-oxide-semiconductor field 
effect transistor," Applied Physics Letters, vol. 91, no. 10, pp. 103510-
103510-3, Sep. 2007. 
[13] M. Taghi Ahmadi, H. H. Lau, R. Ismail, and V. K. Arora, "Current-
voltage characteristics of a silicon nanowire," Microelectronics 
Journal, vol. 40, no. 3, pp. 547-549, Mar. 2009. 
[14] V. K. Arora, "Failure of Ohm's law: its implications on the design of 
nanoelectronic devices and circuits," in Proc. IEEE Int. Conf. on 
Microelectronics, pp. 17-24, Belgrade, Serbia and Montenegro, 14-17 
May 2006. 
[15] A. M. T. Fairus and V. K. Arora, "Quantum engineering of 
nanoelectronic devices: the role of quantum confinement on mobility 
degradation," Microelectronic Journal, vol. 32, no. 8, pp. 679-686, 
Aug. 2001. 
 
Mohammad Taghi Ahmadi received his B.S. in 1997, M.Sc. in 2006, and 
Ph.D. degree in Electrical Engineering in 2009. He is a researcher of 
University Technology Malaysia in computational nanoelectronic group 
(CONE). He is currently on study leave and pursuing his post-doctoral 
program at Makmal nano Universiti Teknologi Malaysia. His main research 
interests are in nanoscale non-classical device simulation, modeling and 
characterization. His research resulted in a number of publications in high-
impact journals for which he has been recognized by the UTM. His present 
research interests are in nanowires, carbon nanotube, and graphite 
nanoribbon transistors.  
 
P. Razali Ismail received the B.Sc. and M.Sc. degrees in Electrical and 
Electronic Engineering from the University of Nottingham, Nottingham, UK, 
and the Ph.D. degree from Cambridge University, Cambridge, UK, in 1989. 
In 1984, he joined the faculty of Electrical Engineering, Universiti Teknologi 
Malaysia as a lecturer in Electrical and Electronic Engineering. He has held 
various faculty positions including as head of department and chief editor of 
the university journal. In 1985, he joined the Department of Electronics and 
Computer Science, University of Southampton, Southampton, UK where he 
begins his research work. In 1987, he continues his research work at the 
Department of Engineering, Cambridge University, Cambridge, UK where 
he completed his Ph.D. degree in microelectronics.  
His main research interest is in the field of microelectronics which 
includes the modeling and simulation of IC fabrication process, modeling of 
semiconductor devices and recently in the emerging area of nanoelectronics. 
He has worked for more than 20 years on the modeling and simulation of 
semiconductor devices and has published numerous articles on the subject. 
He is presently with the Universiti Teknologi Malaysia as a Full professor in 
semiconductor physics and devices. 
 
V. K. Arora a tenured Professor of Electrical Engineering and Engineering 
Management at Wilkes University, held distinguished visiting appointments 
at the University of Illinois, the University of Tokyo, National University of 
Singapore, Nanyang Technological University, and the University of 
Western Australia. In addition to his long-term visiting appointments, 
www.SID.ir
Ar
ch
ive
 of 
SID
IRANIAN JOURNAL OF ELECTRICAL AND COMPUTER ENGINEERING, VOL. 8, NO. 2, SUMMER-FALL 2009 142 
Professor Arora has visited several international institutions on short-term 
consulting assignments and enjoys the privilege of knowing the cultures and 
educational methods being practiced around the globe.  
In recognition of his research, he was invited to give presentations at 
several international scientific gatherings. His research interests include 
mobility limiting mechanisms in high-speed devices, including quantum and 
high-field effects.  
Professor Arora has authored or coauthored over 150 papers on scientific, 
managerial and educational issues. As past chair of the International Division 
of the American Society for Engineering Education (ASEE), he organized 
several international events. As chair of the 1996 ASEE Mid-Atlantic 
Conference, he edited and published the proceedings entitled Re-Engineering 
Education and Training for a Competitive Global Economy.  
www.SID.ir
